The optical, magnetic and structural properties of Eu doped low silica calcium aluminosilicate glasses were investigated. The optical absorption coefficient presented two bands at 39 246 and 29 416 cm −1 , which were assigned respectively to the 4f
Introduction
Europium doped glasses belong to an important class of materials because they can be employed in a variety of applications such as two-dimensional x-ray imaging sensors, high-density memory devices, blue emitting phosphors for plasma display panels, and x-ray storage [1, 2] . Divalent europium doped materials find applications as luminescent sources in the UV to blue-green region of the electromagnetic spectrum, as well as sensor devices, because the divalent Eu emission intensity is strongly dependent on the temperature [3] . On the other hand, the trivalent Eu doped materials present optical properties of interest in the orangered region. The advantage of using glasses as hosts for such dopants in relation to crystals lies in their homogeneity and ease of fabrication into various shapes, such as flat boards, fibers, and rods.
Among the lanthanide elements only Sm, Eu, Tm, and Yb are susceptible to exist in the divalent state [4] , and according to Pátek [5] , divalent rare earth (RE) ions are an exception in oxide glasses, and only Eu 2+ can be added into the glass network without difficulty and in a higher fraction than Eu 3+ ions. The europium divalent state is usually obtained when the frits are melted under a strong reducing atmosphere [6] . In addition, a large part of the trivalent europium ions can be photoreduced permanently to the Eu 2+ state by femtosecond laser irradiation [7] . In this case, the Eu 3+ ions at sites with a high covalent degree can be more easily reduced than those at sites with a lower covalence degree. It was shown [8, 9] that depending on the composition and preparation method, the To the best of our knowledge, investigations regarding Eu in low silica calcium aluminosilicate (LSCA) glasses is very scarce. Actually, only one paper dealing with this subject was reported [10] , and only a few of the RE atoms (Nd, Er, Yb, Tb, and Tm) have been studied as dopants in this glass system so far being incorporated into the glass network in the trivalent state [11] [12] [13] [14] [15] [16] . The lack of interest in LSCA glasses as RE hosts can be attributed to the crystallization that these elements trigger when the melts are cooled down. Hafner et al [17] suggested that studies using neodymium oxide should be abandoned in aluminate glasses because they induce devitrification. However, Sampaio [18] claimed recently that by using standard melting procedures, the amount of RE to be added to the LSCA glass compositions is limited to 8 wt% (∼2 mol%) Nd 2 O 3 , beyond which crystallization takes place. In fact, due to the difficulties in obtaining doped rare earth glasses in this system, the first paper [19] reporting the subject only came out in 1976, seventy seven years after Shepherd et al [20] observed that glass could be obtained from non-traditional glass formers, i.e., CaO and Al 2 O 3 . In 1978 Davy [21] reported a method of obtaining calcium aluminate glasses with a transparency similar to sapphire, ranging from 0.25 to 6 μm. However, the interest in LSCA glasses as RE hosts has resurged only in the last decade, and since then several works [11] [12] [13] [14] [15] [16] [22] [23] [24] [25] [26] [27] have reported the thermal, optical, mechanical and spectroscopic properties of such RE doped glasses. Recently [12, 22, 23, 27] LSCA glasses appeared as candidates for solid state laser media hosts because of their good optical and thermo-mechanical properties compared to fluoride, phosphates and silicate glasses [23] .
In order to fill in the lack of information regarding Eu in LSCA glasses we investigated their optical, magnetic and structural properties. In addition a comparison between the magnetization and XANES method to evaluate valence states in glasses is carried out.
Experiment
The samples with nominal composition 47.4 CaO, 41.5 − x Al 2 O 3 , 4.1 MgO, 7.0 SiO 2 , x = 0, 0.5, and 5.0 of Eu 2 O 3 (in wt%) were prepared. The reagent grade powders CaCO 3 (99%), Al 2 O 3 (99.1%), SiO 2 (99%), MgO (97%) and Eu 2 O 3 (99.99%), in 6 g quantities were mixed in a ball mill for 12 h. Afterwards the batches were melted below 1500
• C, under vacuum conditions (10 −3 mbar) in graphite crucibles, for 2 h for fining. The quenching was made by switching off the heater and moving the crucible up to a cooled vacuum chamber. The annealing was performed by returning the crucible to the melting position, where the temperature was around 900
• C, and allowing it cool down to room temperature. The samples were examined for evidence of crystallinity by x-ray diffraction. Afterwards, they were cut by a slow speed saw into a plate shape, 3 mm × 3 mm × 10 mm, and polished optically. The optical absorption spectra were obtained using a spectrophotometer (Perkin Elmer Lambda 900). The photoluminescence measurements were carried out using a monochromator (Spex model 1403), and a photomultiplier (RCA model 31 034) performed at 300 K, and the samples were excited by an Ar laser operating at 333.6 and 363.8 nm. The magnetization (M) measurements were performed using a SQUID facility, in a 2 kOe dc magnetic field. In order to eliminate impurity contributions to the magnetization signal, a magnetization measurement of an undoped sample was also carried out, the data of which was used to subtract from the doped samples magnetization data. Eu L III edge (6977 eV) xray absorption spectra were acquired at the LNLS facility in Campinas, Brazil on the D04B-XAFS2 station. The LNLS storage ring is a third-generation synchrotron x-ray source, which operates at 1.37 GeV with a nominal ring current of 250 mA. A Si(111) double-crystal monochromator was used. The XANES (x-ray absorption near-edge structure) spectra were collected in the fluorescence mode, using a 15 element LEGe array Canberra GL0055S detector. At least six scans were collected for each sample, which were averaged to increase the quality of the experimental data.
Results and discussion
The Eu doped LSCA glass samples prepared under vacuum had an orange-brownish color, which is due to the visible light absorption of the 5d → 4f transitions of Eu 2+ . Figure 1 (A) shows the optical absorption spectra of the undoped sample, that presented to be nearly constant with wavelength, and of the 0.5 wt% of Eu 2 O 3 doped sample, which had two broad absorption edges in the ultraviolet region. This broadness indicates that europium ions interact much more strongly with the glass crystal field compared to other RE ions (Er, Nd, Yb, and Tm) that present sharp absorption lines when introduced into the LSCA glass network. The first band, around 39 246 cm −1 , can be assigned to the 4f 7 ( 8 S 7/2 ) → 4f 6 (4F J ) 5d (T 2g ) transition and the second one, around 31 506 cm −1 , to the 4f
The absorption in the energies above 40 000 cm −1 is associated with the host composition of LSCA glass. Figure 1(B) shows the Eu optical absorption spectrum of a sample doped with 0.5 wt% of Eu 2 O 3 obtained by subtracting the contribution of the undoped sample. Figure 2 shows the absorption and fluorescence spectrum obtained at 300 K for a sample doped with 0. To better understand the fluorescence processes involved in this Eu doped glass system, a systematic study on doping concentration, and time-resolved fluorescence spectroscopy as a function of temperature is being carried out.
The Eu 2+ /Eu 3+ ratio was obtained from magnetization measurements as follow: at high temperatures (>200 K), the Eu magnetic susceptibility, χ, can be represented by the CurieWeiss law given by [29] :
where N a is the Avogadro number, μ B is the Bohr magneton, k B is the Boltzmann constant, T is the temperature, θ is the Curie-Weiss parameter, p is the effective magnetic moment, and C = N a p 2 μ 2 B /3k B is the Curie constant.
The magnetic susceptibility as a function of temperature for the 0.5 and 5.0 wt% Eu 2 O 3 doped samples is depicted in figure 3(A) , whereas the reciprocal magnetic susceptibility, χ −1 = H /M (given in Oe mol of Eu/emu), is shown in figure 3(B) . Taking into account only the high temperature range, from 200 up to 300 K, of the reciprocal magnetic susceptibility and using equation (2) to fit the data, one can obtain the parameters C = 3.26 ± 0.03 K emu mol −1 Oe −1 and θ = −127 ± 9 K, and C = 2.82 ± 0.02 K emu mol −1 Oe
and θ = −40 ± 5 K, respectively for the samples doped with 0.5 and 5.0 wt% Eu 2 O 3 . Thus, the calculation of the effective magnetic moment is straightforward, in this case, p = 5.1 and 4.8, respectively. The effective magnetic moment for Eu 3+ is 3.4 μ B and the theoretical free-ion effective magnetic Figure 4 shows the x-ray normalized absorption coefficient as a function of energy, in the XANES region, of a LSCA sample doped with 5.0 wt% of Eu 2 O 3 . One can observe from this spectrum a double peaked structure, with a peak separation of about 8 eV, which is characteristic of a mixed-valent state of Eu. The low energy peak is assigned to the 4f 7 (5d6s) 2 electronic configuration of Eu, whereas the high energy peak is a fingerprint of its 4f 6 (5d6s) 3 configuration [30] . The valence states were obtained by performing the linear combination fitting of this curve and the spectra from the intensities of the two corresponding white lines of standards, i.e., EuGa 4 where Eu is known to be in the divalent state [31] , and Eu 2 O 3 for Eu 3+ state. From the fitting performed using Athena software (IFFEFIT package) [32] , it was found for a LSCA glass sample doped with 0.5 wt% Eu 2 O 3 that the amount of divalent Eu is (24.4 ± 0.3)% and of trivalent Eu is (75.6 ± 0.3)%. Following the same procedure, the values obtained for the sample doped with 5.0 wt% Eu 2 O 3 were (26.2 ± 0.4)% and (73.8 ± 0.4)%, respectively for Eu 2+ and Eu 3+ . Table 1 summarizes the Eu values of the valence states obtained using both techniques, magnetization and XANES. It is worth noting that the valence states obtained by magnetization measurements had greater values than those obtained by XANES, mainly for the less doped sample, where the difference, by comparing both results, is about 13% of the overall amount of Eu. This difference can be attributed to the sensitivity of both techniques, since magnetization measurements for very diluted doping have a lower magnetization signal. In addition, in the data analysis the effect of the crystal field at high temperature on the magnetization data was not taken into account. By doing so, any contribution of the crystal field to the orbital magnetic moments is neglected, thus this issue could also explain differences between magnetic measurements and XANES data. However XANES spectroscopy is much more sensitive, because it probes the ion itself, being very sensitive to low diluted impurities in the amorphous system.
Conclusion
In this work optical, magnetization and XANES data were used to evaluate the Eu valence state in doped Eu 2 O 3 LSCA glasses prepared under vacuum conditions. According to magnetization analysis the amount of Eu 2+ and Eu 3+ ions was about 30 and 70% respectively, whereas XANES analysis provided similar results, nevertheless the amount of Eu 2+ ions present in the samples according to this analysis was at least 5% smaller. However, for very dilute doping concentration the XANES analysis proved to be easier and more accurate. These results indicate that LSCA glasses are promising materials for use in photonic devices.
